Fiber Fabry-Perot (FFP) filters have been widely used in optical fiber communications, and insertion loss (IL) is one of its important characteristics. Based on theoretically analysis, factors related to IL were discussed. In order to investigate the IL of different structures, simulations are carried out with finite-difference time-domain (FDTD) algorithm. Comparisons are made between the optimized structure and full-size-mirror FFP filter, and fiber-inserted FFP filter as well. Simulation results demonstrated that the finite-size-mirror structure can confine the mode size of the open resonator, hence reduce the IL of FFP filter.
Introduction
Tunable fiber Fabry-Perot filters (FFP-TFs) are widely used in optical fiber communications and optical sensing systems, since they have advantages of low loss, high tuning speed, wide tuning range, high finesse, and flexible structures and different practical applications. For optical fiber communication applications, FFP-TFs can be used to select wavelength for each channel in wavelength division multiplexing (WDM) system [1] . In fiber Brag grating (FBG) sensing systems, FFP-TFs can be adopted in dynamically demodulation [2] . With the help of a FFP-TF, wavelength tuning of an optical fiber ring laser could be realized [3] . FFP-TFs also find applications in clock signal extraction in all optical 3R regeneration system and optical network unit [4, 5] . Recently, applications of FFP-TFs in microwave photonic system have drawn some attentions [6, 7] .
Insertion loss is one of the important characteristics of FFP-TFs. Insertion loss is classified into two kinds of loss, namely extrinsic loss and intrinsic loss. The extrinsic loss of FFP-TFs can be reduced by improvement of device manufacturing process and assembling preicision. Reducing the intrinsic loss of FFP-TFs, however, needs to optimize their structures. For this purpose, a lot of work has been reported. In1989, D. Marcuse from Bell labs and MOI, USA, proposed a FFP-TF structure with a inserted waveguide [8, 9] . In 2005, Y. Bao et al. from MOI, USA, patented a FFP-TF structure with a concave cavity [10] ; In 2011, Fujikawa et al. from Tokyo University, Japan, presented a structure with an expanded core fiber [11] . In 2008, C. Tang et al. from Beijing Institute of Technology put forward a structure with convex lens after the mirrors [12] . In 2009, we proposed a new structure based on finite design [13] .
In this paper, we begin with fundamental analysis of insertion loss of FFP-TFs, and discuss effects of key parameters of the structure on the insertion loss. Then we focused on our new finite-size-mirror structure. Characteristics and mode distribution of the finite-size-mirror FFP-TF are studied and simulated. Finally we compare this new finite-size-mirror structure with fiber inserted structure and full-size-mirror structure.
Basic Principle
The FFP filter is based on multiple beam of F-P cavity. As is shown in Figure 1(a) , FFP filter which consists of two aligned fiber coating with high reflecting film. Assuming that the light enters the F-P cavity with an angle (θ) against the normal, the light beams exit the second fiber parallelly after multiple reflecting, as is shown in Figure 1(b) . The parallel beams are amplitude decreased and superposed coherent.
The intensity ( adjacent parallel beams, n is the refractive index of the medium within the F-P cavity, d is the length of the F-P cavity and λ is the central wavelength of the input light. The wavelength which meets will exit FFP filter. Obviously, tuning the transmission wavelength can be achieved by changing the parameters related to the phase difference. The transmittance of the FFP filter, is defined as the ratio of
When phase difference δ= 2mπ , FFP filter attains maximum transmittance, namely peak transmittance ( T ). Insertion loss (IL) of a FFP filter is then expressed as,
The finesse (F) of FFP filter is, , despite of loss (L). When considering loss, the peak transmittance is [14] , ( )
If the loss is ultra small, the finesse is then expressed as follow, (5) From the above analysis, it is obviously that low IL is necessary if high peak transmittance and high finesse is required.
Factors leading to insertion loss of FFP filter can be classified into two kinds, extrinsic loss and intrinsic loss, according to the method to classify the splice loss of single mode fiber [16] . Extrinsic loss is generated during the manufacturing process, including loss dues to fiber tilt and offset. Intrinsic loss is caused by the structure of FFP filter. It includes diffraction loss and mode mismatch loss between guided wave mode and open mode of F-P cavity. Improvement of the device manufacturing and assembly precision will reduce the extrinsic loss. However, reducing the intrinsic loss needs to optimize the structure of FFP filter.
Fundamental Analysis on Insertion Loss
Transmittance coefficient ( f T ) of single mode fiber with longitudinal separation can be calculated with [17] , (6) ω is the mode field radius two optical fibers respectively, is the normalized fiber separation distance, k is the free space wave number. Consider that the input field bounces back and forth in the FFP filter's resonator, it traverses an effective length that is defined by the mirror transmission [8] ,
In a simple-minded view, we regard the transmittance of FFP filter as a splice of identical fibers with an end separation equal to the effective length. Suppose,
This expression is plotted in Figure 2 . It is apparently that the peak transmittance increases with the increasing of x. Equation (8) shows that expanding the fiber mode field radius, increasing reflectiv- ity and shorten cavity length could enlarge x. Large mode field radius will reduce the mode mismatching loss, as a result, the peak transmittance increases. Improving the transmittance of mirror or shorten the cavity length will also increase peak transmittance of FFP filter, cause the shorter the length is, the less diffraction loss there will be. All these relationships are plotted in Figure 3 .
Finite-Size-Mirror Structure
For the purpose of reduction of IL, we proposed a new structure, named a Finite-size-mirror structure [13] . As is shown in Figure 4 , we use a finite mirror substituting the traditional mirror with a full-fiber-end covering mirror substituting traditional mirror. In this new structure, mirrors only cover part of fiber ends. Mode size of open resonator is proportion to its size [18] , so smaller mode size can be attained with short radius of mirror. Nonetheless, short radius mirrors increase diffraction loss. Finite-size-mirror structure can be worked on condition that an optimal radius of mirror is found out. Relation of transmittance with radii of mirrors of the FFP-TF is investigated with the help of finite difference time domain (FDTD) algorithm. The mirror reflectivity is set as 0.697, and cavity length is set as 9 μm. As a result, relationship between peak transmittance and radius of mirror is shown in Figure 5 . Figure 5 clearly shows that the peak transmittance of FFP-TF firstly increases with the increasing radius of the mirrors. However, it decreases when the radius of mirrors increase to a certain value (about 6 μm), and then it tends to be a constant when the radius of mirrors further increases (>12 μm). Figure 5 indicates that there is a lowest value of the IL of FFP-TF, corresponding to the maximum value of the peak transmittance.
Simulations and Comparisons
We analyzed key parameters and output mode field and compared finite-size-mirror structure with other two structures to study more about finite-size-mirror FFP-TF. Here, three structures are investigated as shown in Figure 6 . dimension and three dimension. Transmission spectra can be extracted from results of two dimension simulation. Peak transmittance, free spectral range and finesse can be found out from transmission spectrum. Results of three dimension simulation can be used to analyze distribution of output mode.
In the simulation, we assume that the radius of mirrors is the same as that of the fiber cladding for Figure 6 (a) and Figure 6 (b) , and the radius of mirror is 6 μm. For all cases, the reflectivity is 0.697, the optical cavity's optical length is 9 μm and central wavelength is 1.495 μm. Simulated transmission spectra of three FFP filter structures are shown in Figure 7 . The key characteristics, such as insertion loss and finesse, are listed in Table 1 .
In Table 1 , structures (a) (b) (c) correspond with three structures cases shown in Figure 6 respectively. M.R. means the radius of mirror, T represents peak transmittance of a FFP filter, Tmin is the valley value of spectrum. FSR and FWHM are free spectral range, full width at half maximum of spectrum separately. F and IL are finesse and insertion loss of a filter, respectively. Clearly, for Figures 6(b) and (c) , there are some reduction of the insertion loss due to improvements on structure.
More intuitive results obtained by three-dimensional simulation are shown in Figure 8 , which present distribution of output mode field. It can be seen that, for full- size-mirror structure and fiber inserted structure, the output field of filters distributes in the area of fiber cladding and core, while for the finite-size-mirror filter the output field concentrates in the area of fiber core, and its centre intensity is much stronger. This is due to the reduction of 
Summary and Conclusions
We have studied the insertion loss of FFP filters. Based on discussion of effects on insertion loss, finite-size-mirror FFP filter was simulated and compared. Insertion loss is one of the important characteristics of FFP filter. Simulation results demonstrate that finite-sizemirror structure helps with reduction in insertion loss of FFP filter. This is because finite-size-mirror can limit the mode size of F-P cavity.
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